In this work, dbnsTurbFoam, a new coupled density based solver, written in the framework of foam-extend, is considered. The solver is first assessed on two canonical compressible flow scenarios, namely the Sod's shock tube and the ONERA S8 transonic channel. Results are compared with analytical formulations and experiments, respectively. 2-D Unsteady Reynolds Averaged Navier-Stokes simulations and 3-D Large Eddy Simulations of the flow within the passages of a geometrically simplified High Pressure Turbine Nozzle Guide Vane are then performed. Results are compared against experimental data in order to justify the geometrical simplifications made. Finally, the case of a sinusoidal temperature forcing at the inlet is considered in order to study the phenomenon of indirect combustion noise. Notably, the impact of the forcing on the vortex shedding dynamics and on the losses is discussed. 
INTRODUCTION
The high speed compressible flow within turbomachinery blade passages produces an array of complex interactions. A physical insight into these processes is of importance for the thermal, structural and acoustic design of its components. Experimental tests to characterize compressible flow phenomena are expensive, and are often pushed towards the final stages of component design. With the advent of high fidelity Computational Fluid Dynamics codes, numerical simulations are gaining importance in the early stages of the product design and development. The purpose of the present work is to validate the new density based, open source solver dbnsTurbFoam (Rusche et al., 2014) . The solver is first validated on two canonical compressible flow scenarios, namely a Sod's shock tube (Sod, 1978) and a shock wave-turbulent boundary layer interaction in a transonic channel flow (Délery et al., 1978) . In the second part, the solver is used to simulate the flow through a geometrically simplified High Pressure Turbine Nozzle Guide Vane (HPT-NGV) cascade for which experimental results were acquired by Yasa et al. (2010) . A 2-D Unsteady Reynolds Averaged Navier-Stokes simulation (URANS) and a 3-D Large Eddy Simulation (LES) are conducted and compared to experimental results. Finally, an attempt is made to analyze the mechanism of the indirect combustion noise by using a fluctuating temperature at the inlet.
COUPLED DENSITY BASED SOLVER
The present work employs the newly released coupled density based solver dbnsTurbFoam developed within foam-extend frame-work (Rusche et al., 2014) available at https://sourceforge.net /p/openfoam-extend/foam-extend-3.1/ci/3c5ba8da44948851ffdcddc1a944a9ae5cf407a2/tree /applications/solvers/compressible/dbnsTurbFoam/. It is an open-source, cell-centered, finite volume software. The high speed compressible flow phenomena studied in this work are characterized by non-linear waves and strong interactions between shocks and turbulence. Coupled density based solvers respect the strong inter-dependence of flow variables in compressible fluids, resulting in robust and accurate solutions.
Numerical schemes
The simulations are performed by solving the compressible Navier-Stokes equations. The advective terms are discretized using the Local Lax-Friedrichs scheme. It is a central scheme of second order accuracy, with an adaptive addition of numerical viscosity based on the maximum local wave speed. Moreover, in order to avoid spurious oscillations near shocks, a BarthJespersen's flux limiter is applied in regions of the flow with large gradients. A conservative, second order central scheme was chosen to discretize the viscous terms. For the temporal discretization, an explicit four-stage, low storage, Runge-Kutta algorithm is used (Blazek, 2015) . In this work, 1-D Euler, 2-D URANS and 3-D LES simulations are performed. The SST k − ω based on the formulations described by Menter and Esch (2001) was employed for the compressible URANS simulations. The turbulence model is reported to work well in separated flows and in free-stream (Pope, 2001) . The LES employs a one equation SGS turbulent kinetic energy transport equation to compute the sub-grid scale eddy viscosity. With this scheme, De Villiers (2007) reports an improved performance over algebraic sub-grid scale models in flows with large scale unsteadiness.
Sod's shock tube High speed compressible flows entail the presence of shocks and other non-linear waves propagating in different directions. The 1-D shock tube is a representative test case to attest the solver against capturing these flow features. The case presented by Sod (1978) is a standard shock tube problem with normalized domain dimensions and flow field variables. dbnsTurbFoam is used to solve the 1-D Euler equations across the flow domain. The results for this case are obtained on a computational domain discretized into 800 segments. Figure 1 shows the results for density at the initial time and at a time t = 0.15s. For the latter case, the analytical solution is also shown (Anderson, 1990 ). An excellent agreement was obtained in terms of the simulated wave speeds. The simulation results were also characterized by desirable levels of low numerical dissipation and non-existent Gibbs oscillations.
Transonic channel
In order to capture the complex interaction processes in turbulent, high speed compressible flows, the 2-D ONERA S8 channel is chosen. Experiments were conducted by Délery et al. 1978) in order to investigate shock wave-turbulent boundary layer interactions. Such interactions are triggered either by an external impinging shock wave on a boundary layer, or when a supersonic confined flow reached a sharp restriction, leading to the formation of a shock wave. The latter are observed to occur in the transonic flows within turbo-machinery passages. In the present work, based on the predominantly 2-D nature of the flow field reported from experiments, 2-D compressible URANS simulations are performed for solver validation. Three different structured grids containing up to 1.6 millions of hexahedral cells are considered. A near wall distance of y + ∼ 20 is maintained. Adiabatic walls are considered and a wall function, described by Menter and Esch (2001) , is used. At the inlet, the total pressure and total temperature are set to 95000 Pa and 300 K. At the outlet, a static pressure of 61000 Pa is imposed in order to model the effect of the adjustable throat in the experiment (Délery et al., 1978) . For example, for the medium grid containing 0.8 millions of nodes, the mean Mach field is represented in Figure 2 . The lambda shock pattern observed experimentally is recovered. The mean fields, notably in terms of maximum Mach number in the domain and shock location, are found to be in good agreement with the experimental results (Délery et al., 1978) . Overall, for those two test cases, a good agreement is found with analytical solution and experimental results, respectively. The present solver seems therefore suitable to study high speed, compressible fluid, flows like the flow in a high pressure turbine nozzle guide vane.
High pressure turbine nozzle guide vane
Experimental setup Experiments were conducted by Yasa et al. (2010) to characterize the aerodynamic losses occurring in a High Pressure Turbine Nozzle Guide Vane (HPT-NGV) cascade. The experiments were conducted in an annular sector test rig for sub-sonic and transonic off-design conditions. A detailed description of the test rig facility can be found in Saha (2014) . The facility consists of an annular sector with a 36 degrees opening, containing five airfoils. All flow field measurements were recorded around the central airfoil in order to avoid influences from the side walls. The axial chord of an airfoil, C ax , is used to indicate the position of the various measurement planes. In this study, the data for transonic off-design conditions are the blade loading on the central airfoil at mid-height, on the pressure and suction sides (pneumatic pressure taps), a circumferential static pressure distribution 0.4C ax downstream from the cascade (pressure taps), and a total pressure measurements in the wake 0.071C ax and 0.48C ax downstream from the cascade (calibrated 5-hole probes) (Yasa et al., 2010) .
Numerical setup
A full 3-D simulation of the six blades in the cascade is avoided by considering periodicity of the flow in the circumferential direction, reported in the central vanes of the cascade (Yasa et al., 2010) . A further approximation in the design of the computational domain is made by considering a 2-D linear cascade representation of the the 3-D annular sector. This approximation can be made when the height of the annulus enclosing the guide vanes is small compared to the inner radius of the cascade (Atassi et al., 2006) . In the present cascade the annulus height is an order of magnitude lower than the inner radius, justifying the process of unwrapping the sector cascade to a linear cascade. The associated CAD work is illustrated in Figure 3 . The linear cascade obtained is enclosed in a computational domain shown in Figure 4 (a). Block-structured grids are used in order to accurately capture the flow gradients, with the cell faces aligned with the flow. The mesh topology is added in Figure 4 (a) in order to see the blocking structure. For the grid, the near wall distance is set to y + ∼ 20 and the the cell aspect ratio at the wall is kept below 35, yielding a 2-D grid containing 550000 hexahedral cells. Two views of the final mesh are represented in figure 4(b), close to the leading and the trailing edges. For the 3-D LES, the 2-D domain was extruded in the transverse direction across 30 planes, yielding a 3-D grid containing 16.5 millions of tetrahedral nodes. The distance between each of the transverse planes is maintained below the taylor micro-scale. Periodic boundary conditions are applied at the extruded faces to model a channel of infinite width. As for the transonic channel, adiabatic walls are considered and a wall function, described by Menter and Esch (2001) , is used. Periodic boundary conditions are used on the lateral boundaries to simulate an infinite linear cascade. It can moreover be noted that the blocking strategy is not perfectly symmetric downstream of the blade, leading the need to use an interpolation algorithm before applying the periodic boundary. It has therefore be chosen to simulate two blade passages in order to have one entire passage solved with the best accuracy possible. Finally, sponge zones with grid stretching are used near the inlet and the outlet boundaries in order to avoid spurious reflections.
At the inlet, a total pressure of P 01 = 187100 Pa and a total temperature of T 01 = 305 K are imposed and the flow is considered perpendicular to the inlet boundary. At the outlet, the face averaged static pressure is maintained at P 2 = 104370 Pa. Those conditions correspond to the experimental transonic off-design conditions (Yasa et al., 2010) . For the two simulations, the mean fields are computed. First, the mean pressure field of the 3-D LES computation is presented in Figure 6 (a). The isentropic Mach number along the blade is shown at the top of Figure 6 (b) as a function of the axial normalized coordinate. On the pressure side, a very good agreement is visible between simulation results and experimental ones. Indeed, both predict the monotonous pressure drop with the axial distance. On the suction side, the loading involves several distinct flow regions. First, a continuous subsonic expansion is observed up to the throat of the vane. Then, a supersonic expansion is observed, increasing the flow Mach number. Finally, a normal shock placed at around 0.70C ax lowers the flow speed to just below the sonic limit. The 2-D URANS results follow experimental data closely up to the throat, and small differences are observed in the divergent section of the passage. The 3-D LES results deviate slightly from experimental ones in the convergent section of the passage, while following the experimental results closely in the divergent section. Notably, in the two simulations, the simulated normal shock is placed at the same location as in the experiment. At the bottom of Figure 6 (b), the isentropic Mach number at a plane located 0.4C ax downstream from the cascade is plotted against the circumferential vane phase. The simulation results agree with the experimental results. Moreover, the 3-D LES results seems to follow better the experimental results compared to the 2-D URANS results. However, the 3-D LES results are not exactly periodic. This is due to a physical simulation time lower for the 3-D LES compared to the 2-D URANS, leading to less converged mean static pressure fields. In Figure 7 (a), the mean total pressure field is presented. Figure 7 (b) shows the total pressure distribution normalized against the inlet total pressure and plotted against the circumferential vane phase at two downstream planes. The wake is increasing in its extent further downstream from the vane trailing edge. Further, due to extensive mixing at the wake shear layers, the total pressure losses are greatly reduced downstream from the trailing edge of the vane. In general, a good agreement of the LES and URANS computations with experimental results is observed, in terms of the wake width and maximum total pressure losses. Overall, a good agreement with experiments is reached for the 2-D URANS and 3-D LES computations. This result justifies the linear cascade hypothesis to predict the flow field near the central region of the NGV. The 3-D LES setup can therefore be used to study indirect combustion noise.
INDIRECT COMBUSTION NOISE
The largest noise disturbances for commercial, subsonic aeroplanes with turbofan engines occur at take-off and traditionally have been linked with jet noise and fan noise. Reduction of those sources has been the main focus, so far, of aero-engine noise research. Significant jet noise reductions have been achieved by increasing the bypass ratio, together with more subtle changes such as using serrated nozzle lips (i.e. chevrons). Moreover, fan noise has been reduced by several advances in innovative fan blade design. Naturally, with the sustained reduction of those noise components, the relative importance of other noise sources has increased and today one must address several other sources in order to reach the new noise reduction targets. For modern aero-engines, one of the dominant noise source and the least studied is combustion noise. Besides, in order to reduce NOx emissions (Schildmacher et al., 2007) , lean pre-mixed combustion has been introduced in modern aero-engines. However, lean combustion generates low frequency entropy perturbations which are convected dowstream, in the combustion chamber. On one hand, the entropy perturbations have associated density fluctuations at the flame. Those density fluctuations then propagate through the engine as acoustic waves (Duran et al., 2014) . This is the direct noise generation mechanism. On the other hand, the entropy waves, under the influence of a strong velocity gradient in the high pressure turbine, act as an acoustic source (Marble and Candel, 1977) . The acoustic waves thus generated constitute indirect combustion noise. Under transonic flow conditions, it has been reported that indirect combustion noise is one order of magnitude higher than direct combustion noise (Leyko et al., 2009) . Moreover, Motheau et al. (2014) show that indirect combustion noise propagated in the upstream direction can impact the thermoacoustic behavior of the combustion chamber. Finally, Papadogiannis et al. (2016) show that most of the indirect combustion noise is radiated from the stator stage because the distorted entropy perturbations are transmitted less effectively through the subsequent rotor stages. This result enforces the choice of the present work to study a single stator stage.
Fluctuating temperature at the inlet In this work, instead of simulating the realistic flame dynamics, we simulate the flow through the cascade with a low frequency sinusoidal entropy packet introduced at the inlet to study indirect combustion noise. Similar simulations have already been conducted by Papadogiannis et al. (2016) . The frequency of the forcing is equal to 2200 Hz, yielding a corresponding wavelength equal to 0.4C ax and its amplitude is set to 15 K. Those parameters are similar to those used in Papadogiannis et al. (2016) . The frequency of 2200Hz is one order of magnitude higher that a realistic low frequency combustor noise, around 100Hz. However, Papadogiannis et al. (2016) found that this frequency was approximately the limit of the validity of the compact theory of Cumpsty and Marble (1977) for 2-D configurations. Thus, at this frequency, the same noise production mechanisms should arise.
Two 3-D LES simulations have been conducted, with and without fluctuating temperature inlet. Snapshots of the temperature in the mid-span plane are represented in Figure 8 . In Figure 8(a) , the case with a constant temperature inlet is displayed. Expansion waves at the throat and a normal shock at around 0.70C ax are visible. The vortex shedding from the trailing edge can also be seen. The case with a fluctuating temperature inlet is displayed in Figure 8(b) . The temperature field reveals the forcing imposed at the inlet, with vertical stripes. As those entropy waves approach the airfoil, they get distorted by the accelerating flow in the vane, becoming aligned with the flow field at the end of the vane. An interaction between those entropy waves and the vortex shedding is then observed. On one hand, the entropy waves seem to be affected by the vortex shedding, with a loss of organization of the wave as it passes through the vortex shedding. This interaction may explain why entropy waves are transmitted less effectively through the subsequent rotor stages, as observed by Papadogiannis et al. (2016) . On the other hand, the vortex shedding seems affected by the presence of those entropy waves, with a thicker and amplified vortex shedding pattern compared to the case with a constant temperature inlet. In order to see the influence of the inlet forcing on the flow fields, the mean total pressure fields are represented in Figure 9 for the two 3-D LES. For the case of a fluctuating temperature inlet, the thicker and amplified vortex shedding pattern leads to bigger levels of turbulence in the wake, and thus to higher losses compared to the case with a constant temperature inlet. Moreover, in the case of a fluctuating temperature inlet, the animation corresponding to Figure 8 permits to visualize a periodic earlier detachment of the boundary layer on the suction side, at the inlet forcing frequency. This earlier detachment leads to an overall lower deviation of the flow through the HPT-NGV, as it can be observed in Figure 9 . The vortex shedding frequency is studied by looking at velocity spectra in the wake, at the point represented in Figure 9 by a black dot. This point is localized downstream of the blade, in the wake. The vertical velocity u y is considered, as it is the velocity component with the biggest amplitude at this location. The spectra are represented in Figure 10 as functions of the Strouhal number where the length scale is the trailing edge diameter D = 0.0022m and the velocity scale is chosen equal to the exit mach number of 0.95, as it can be observed at the bottom of Figure 6 (b). A strong peak corresponding to the vortex shedding frequency can be observed at a Strouhal number St = 0.14, corresponding to a frequency of 19.5kHz. This frequency is in excellent agreement with the experimental Strouhal frequency of 19.7kHz found for those operating conditions with a fast response Kulite probe (Yasa et al., 2010) . Finally, it can be observed that the peak amplitude is 3dB higher for the case with fluctuating temperature inlet compared to the case with constant temperature inlet, confirming the amplification of the vortex shedding mechanism observed in Figure 8 .
CONCLUSIONS
The new solver used in this work is successfully attested against the 1-D Sod's shock tube. Notably, the predicted traveling wave speeds are in good agreement with analytical results. Following this, the transonic flow within the ONERA S8 channel is simulated. 2-D compressible URANS simulations are able to predict the occurrence of the lambda shock structure. Finally, the solver is used to simulate the flow within the passages of the High Pressure Turbine Nozzle Guide Vane. 2-D URANS and 3-D LES are performed and a good agreement with experiments is reached for both simulations. This result justifies the linear cascade hypothesis to predict the flow field near the central region of the NGV. Finally, a fluctuating temperature inlet, simulating planar entropy perturbations from the combustion chamber, is imposed in order to study indirect combustion noise. The influence of this forcing on the vortex shedding dynamics are sought. Notably, the frequency of the vortex shedding does not change but the vortex shedding pattern is amplified and becomes thicker compared to the case with a constant temperature inlet. In the future, spectra of temperature and pressure will be presented and several decomposition techniques will be applied to the flow variables in order to analyze the production mechanism of indirect combustion noise. Moreover, a study of the influence of the frequency will be performed in order to see how the frequency influence the production mechanism of the indirect combustion noise.
